Abstract: Limb malformations are amongst the most common and visible birth effects. Causes have been purported to include genetic aberrations as well as teratogens, such as thalidomide. Here we review the evidence for vascular disruption in the genesis of limb malformations through abnormal arterial transitioning and from events such as amniocentesis, uterine constriction, and through teratogen exposure. We use several clinical and experimental examples and highlight the need to understand more about the role the vascular system plays in the molecular mechanisms underpinning normal limb development.
differences in the arterial vascularization of the upper and lower limbs. Following the initiation 80 of limb development, the main artery supplying the upper limb buds is the subclavian artery and 81 from this a capillary network rapidly forms (via angiogenesis) throughout the outgrowing limb 82 bud ( Figure 2B ) [1, 3, 11] . As limb development proceeds the subclavian artery name changes 83 to become the brachial artery in the upper limb. The brachial artery itself later gives rise to the 84 ulnar and radial arteries in the forearms. In the lower limbs, arterial vascularization also proceeds 85 through angiogenesis but is a little more complicated. Initially primitive arteries from the 86 umbilical artery traverse the forming limb bud as the axial and external iliac arteries. The 87 external iliac artery eventually becomes the femoral artery, supplying the upper leg. The axial 88 artery traverses the outgrowing leg bud to supply the distal regions of the leg bud and further 89 divides into the fibular (peroneal) arteries ( Figure 3 ). As the leg bud develops, there is further 90 splitting of the femoral artery to produce further arterial supply to the forming bones of the limbs 91 ( Figure 3 ). 92
In addition, there is also vessel regression as well as formation of composite arteries. The fibular 93 (peroneal artery), which primarily provides the blood supply to the fibula, is one such composite 94 artery; it contains four elements/segments of three earlier embryonic arteries, which have 95 undergone repeated rounds of angiogenesis and stabilization to achieve the adult configuration 96 ( In the chicken embryo the transition of the arterial pattern of the limbs from embryonic to mature 112 state has occurred by approximately day 8 of development. As in the the human embryo, the 113 arterial transitions occur during and after the specification and patterning of the bony elements 114 has occurred. The arterial transition likely allows the bones of the limb to form correctly and in 115 the correct positions [11, 19] . Much of our understanding of the processes of limb 116 vascularization has come from studying chicken limb development [1, 2, 11, 19]. Unlike vessels 117 in other regions of the chicken embryo, the early developing limb vascular network remains 118 devoid of vascular smooth muscle cells, which lend protection and support to the vessels. Not 119 until relatively late in limb development, after the adult vascular pattern has started to become 120 established are vascular smooth muscle cells seen upon limb vessels ( Figure 2B ) [11, 20] . 121 Indeed, the brachial artery starts to recruit smooth muscle first, in chicken embryos from around 122 HH St25 (E5; about 2.5 days after limb development has started, which is relatively late in 123 development as the limbs buds are well advanced in outgrowth) ( Figure 2A incorrectly due to the misplacement or mis-positioning of the vessels. Furthermore, the foot is 153 typically supplied with three arteries, the posterior tibial, anterior tibial and the fibular (peroneal) 154 ( Figure 3B ). In the debilitating condition clubfoot, where the foot points downward, toes are 155 turned inward and the bottom of the foot, that would normally be walked on is twisted inward, 156 the anterior tibial artery is most consistently reduced in length in the most severely deformed 157 limbs and absent in the distal foot. The lack of alternative arterial pathways has been proposed to 158 explain why the foot 'clubs' in such cases ( Figure 4D) smooth muscle actin. This highlights that the subclavian artery is the first and only artery to 601 recruit smooth muscle at around day 5 of development and by day 7 of development, the whole 602 of the subclavian artery and the proximal parts of the radial and ulnar arteries have smooth 603 muscle but very few other vessels are smooth muscle positive at this point. The recruitment of 604 smooth muscle to the subclavian artery coincides with the visualisation of the humerus 605
proximally. The recruitment of smooth muscle to the radial and ulnar arteries coincides with the 606 appearance of the radius and ulna condensations. Vascular smooth muscle negative vessels are 607 more angiogenic and permit rapid change to accommodate the outgrowing limb bud, however 608 they are also weaker and more susceptible to teratogenic insults. The black asterisk in the 609 handplate denotes vessel regression in the future areas where the digits will condense and form. 610 
